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 In an effort to move away from fossil fuels and towards cleaner energy, the cleaner 
energy options need to be efficient and practical. Low temperature fuel cells have significant 
promise, yet must be improved before widespread use is reached. One major way to reduce the 
price of fuel cells and increase fuel cell efficiency is to improve the oxygen reduction reaction 
(ORR) catalyst so that Pt is no longer used. Changing catalysts has proven to be difficult since it 
is not understood how the reaction proceeds on a non-precious metal (NPM). In the current 
work, a low Fe content, high activity ORR catalyst was prepared and characterized to elucidate 
the active species. The prepared catalyst went through several activating and deactivating 
treatments in order to elucidate active species for the ORR. Mӧssbauer spectroscopy determined 
that the Fe species present in the as-prepared catalyst was FeN4 rather than metallic Fe. Cyclic 
voltammetry was utilized to study activity changes throughout treatments on the catalyst. The as-
prepared catalyst exhibits a competitive activity of 0.9 V vs RHE and poisoning studies with CN- 
suggests the activity is not solely due to the Fe in the catalyst. Attempts were made to alter the C 
in the catalyst and the C was studied via 13C solid state nuclear magnetic resonance spectroscopy 
(ssNMR). 
 In addition to a study of ORR catalysts, the corrosion characteristics of covetic Al 
materials were also studied. Linear polarization curves show that the corrosion potential of 
covetic materials is increased compared to base alloy materials. However, Tafel fitting of the 
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CHAPTER 1: INTRODUCTION TO ORR CATALYSTS 
1.1 The promise of fuel cells 
Technologies need to be engineered to lower the impact that human beings have on the 
earth in order to ensure that future generations have a stable and habitable planet. It is known that 
humans are leaving a significant influence on the amount of greenhouse gases (GHGs) entering 
the earth’s atmosphere which manifests in health problems, higher temperatures, and an 
increasing rate of plant and animal extinction.1-3 CO2 emissions have the greatest impact on the 
changing climate and most of the CO2 released comes from the demand for energy.
3,4 Great 
strides have been taken to produce and use power while releasing less CO2 as seen in the 
advancement of solar cells, wind turbines and fuel cells. Despite these gains, there is still room 
for improvement. 
 Unlike combustion engines, fuel cells are not limited by the Carnot cycle and therefore 
can approach upwards of 93% thermodynamic efficiency.5 As a replacement to the combustion 
engines in cars, fuel cells are often compared with electric batteries. Both electricity providers 
can produce continuous, transportable energy.6 Batteries used in electric vehicles, such as Li-ion, 
function as both the energy conversion and energy storage device. The dual function of the 
battery is beneficial in the sense that the vehicle will not be weighed down by the fuel, yet the 
vehicle can only go so far as the storage of the battery will allow. Recharging batteries is easy, 
but it still takes time. Fuel cells are energy conversion devices that require a nearby fuel source, 
so they will function as long as fuel is available.7 Today, fuel cells are of interest since they can 
provide electrical power without producing CO2 or other greenhouse gases. Even though they are 
in need of improvement, fuel cells have already been implemented in vehicles, small and large 
personal items, and stationary residential units.8 
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1.2 Fuel cells and ORR catalysts 
 Several types of fuel cells are being studied and used for practical purposes. Solid oxide 
fuel cells (SOFCs) require high temperatures (800-1000 °C) to raise ion conductivity of O2- 
through the solid electrolyte. High temperature fuel cells experience corrosion and material 
deformation due to thermal cycling among other problems, so the development of SOFCs have 
been hindered.9 NASA has used proton exchange membrane fuel cells (PEMFCs) and alkaline 
fuel cells (AFCs) to power spacecraft, both of which are able to operate at lower temperatures 
(ca. 80 °C). The astronauts were able to use the fuel cells for energy and drink the produced 
water. However, over time CO2 will form insoluble carbonates in the basic electrolyte.
10 When 
compared with other challenges AFCs face, PEMFCs are a plausible, high reward energy 
conversion technology. 
1.2.1 Proton exchange membrane fuel cells 
 PEMFCs utilize H2 fuel to produce an electrical current, water and heat. Figure 1.1 shows 
H2 entering the fuel cell and being oxidized at the anode. The oxidation of H2 releases H
+ and 
electrons which make an electrical current. Water is formed by using the H+ and electrons to 
reduce O2 at the cathode. The reversible oxygen reduction reaction occurs at 1.23 V and for fuel 
cells to be highly efficient, the overpotential for both the H2 oxidation and O2 reduction need to 
be small or ideally nonexistent. The most efficient catalyst to date for both the anode and the 
cathode are precious metals such as Pt and its alloys.5 The H2 oxidation reaction is very efficient, 
thus little Pt is needed for the anode. The reaction at the cathode has a much larger overpotential 
even with large amounts of Pt which drives up the cost of fuel cells and is a large part of why 
fuel cells are not relevant today.11 
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1.2.2 PEMFC cathode catalysts 
The cathode is the limiting factor for PEMFCs due to the sluggish kinetics of oxygen 
reduction.5 Several decades of research have reduced the required amount of Pt in a fuel cell to 
several ounces (0.142 mg/cm2 by 2016) yet even the most efficient Pt cathode catalyst and its 
application to a fuel cell can account for up to 45% of the cost.12 Development of NPM catalysts 
for the ORR would make fuel cells even more relevant in everyday life simply by reducing the 
cost. In addition to the high cost, Pt catalysts do not allow the fuel cell to operate at its full 
efficiency. The reversible ORR occurs at 1.23 V vs RHE in acidic solution while the best Pt 
catalyst exhibits an onset for the ORR at approximately 1.0 V vs RHE.13 Thus, by minimizing 
the overpotential for the ORR, a more efficient fuel cell can still be produced. 
Despite more than 50 years of major advancements and research focused on NPM 
catalysts for the ORR, the active site(s) are not fully understood.14-17 One focus for developing 
NPM ORR catalysts is using Fe or Co due to their high onset potentials and competitive current 
densities.11,14,16 Many catalysts of interest go through high temperature treatments since they 
have been shown to produce more stable catalysts while retaining or improving activity.17-20 A 
Figure 1.1 Schematic of hydrogen/air fuel cell. Hydrogen is oxidized at the anode, producing 
protons and electrons used to provide electricity and to reduce oxygen to water at the cathode. 
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combination of pyrolysis, Fe, and different types of nitrogen sources have been used to produce 
high onset catalysts.13,16,21 More recently, sacrificial metal-organic frameworks (MOFs) have 
been used as a precursor leading to high ORR activity.22,23 Consensus and understanding of the 
active site(s) of NPM catalysts is lacking due to catalyst heterogeneity. Proposed active species 
include metallic sites, CNx sites activated by nearby metal atoms, or even CNx species that do not 
require metal.24 Since there are many types of ORR catalysts, even within those prepared with 
Fe, there have been many experiments that lead to diverging conclusions. Once the active site(s) 
of ORR catalysts are understood, then we can tailor specific catalysts to have high efficiency 
towards the ORR. 
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CHAPTER 2: THE ROLE OF IRON IN AN ORR CATALYST 
2.1 Introduction to low content Fe ORR catalysts 
 Competitive ORR catalysts contain Fe which would drop the price of fuel cells were it to 
replace the current catalyst, Pt. Previous reports have shown there is an ideal amount of Fe 
present in an ORR catalyst that typically ranges from 1-5%. Lower amounts of Fe do not 
produce competitive activity, and too much Fe dominates the catalyst and does not allow for 
active sites to form.25 Therefore, low Fe content ORR catalysts are often studied and they 
provide the added bonus of minimizing the use of a readily abundant element. 
Previously in the Gewirth lab, a high activity catalyst was synthesized and the Fe species 
present was studied.26,27 The active Fe species was found to be C encapsulated Fe particles. An 
attempt was made to remove the Fe using Cl2 gas, a method inspired by removing impurities 
from carbon nanotubes.28 The Cl2 treatment was shown to be successful in deactivating the 
catalyst. A reducing pyrolysis treatment was then used to try to reactivate the catalyst and it was 
shown that the activity of the reduced catalyst returned to its original value. The Cl2 treatment 
also purified the catalyst so that only metallic Fe species were present in the catalyst after the 
reducing treatment. 
Another highly active, low Fe content ORR catalyst was studied using the Cl2 treatment. 
This particular NPM catalyst was chosen because it has one of the highest ORR activities to date 
and claims a single type of active Fe species, FeN4.
21 Studying catalysts with different types of 
Fe species can lead to understanding of what is and is not needed for an active catalyst. 
Characteristics such as activity, stability, and mechanism can be better understood when two 




All chemicals were purchased from Sigma-Aldrich unless otherwise stated. 
2.2.1 Preparation ZIF-8 
 The Zn MOF, ZIF-8, was prepared using a method previously published by Cravillon et 
al.29 Typically, 2.93 g of Zn(NO3)2∙6H2O in 150 mL methanol was added to 6.49 g of 2-
methylimidazole in 200 mL methanol and was stirred for one hour. The clear solution quickly 
turned opal and then white. After one hour the solution was centrifuged at 3200 RPM for 9 
minutes to separate the white precipitate from solution which was then washed with fresh 
methanol. After washing with fresh methanol, the solution was centrifuged at 10,000 xg for 20 
minutes to separate the MOF precipitate from solution. The MOF was then dried over night at 40 
°C while open to air and finally crushed using a mortar and pestle. 
2.2.2 Preparation of catalyst precursors 
 The catalyst preparation followed a method previously published by Zitolo et al chosen 
for its high activity and claim of FeN4 active sites.
21 ZIF-8, Fe(C2H3O2)2, and 1,10-
Phenanthroline were dried at 90 °C in open air overnight. To prepare 1.5 g catalyst precursor that 
is 0.5% Fe by mass with the remaining mass equaling 80/20 ZIF-8/1,10-Phenanthroline, 1.18 g 
ZIF-8, 0.0233 g Fe(C2H3O2)2, and 0.297 g 1,10-Phenanthroline were added to a ball mill vial 
with 40x 5 mm zirconia oxide beads and 2x 10 mm zirconia oxide beads. The mixture was ball 
milled for a total of 10 hours with a 15 minute rest every 2 hours. Afterwards, the precursor was 
scraped from the ball mill vial and zirconia beads and kept in a scintillation vial until pyrolysis. 
2.2.3 Pyrolysis treatments of catalyst 
 A porcelain combustion boat (Sigma-Aldrich) was filled with mixed precursor material 
and heated in a tube furnace for 1 hour at 1050 °C under Ar. The temperature ramping speed was 
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approximately 26 °C/minute. After 1 hour, the tube furnace was allowed to cool to room 
temperature under Ar by turning the heating mantle off. The boat was then removed and the 
black powder catalyst was used for several analytical tests. This catalyst is referred to as “pre-
NH3” catalyst. In between each treatment, the boat was wiped with ethanol and allowed to dry 
before the next pyrolysis treatment. At a later time, the pre-NH3 catalyst was again placed into 
the combustion boat and pyrolyzed at 950 °C for 5 minutes under NH3. Thus, the “as-prepared” 
catalyst is produced. The temperature ramp was approximately 27 °C/minute under Ar until 950 
°C was reached, then NH3 was passed through the tube for 5 minutes. The catalyst was allowed 
to cool to room temperature under Ar. After appropriate characterization, the as-prepared catalyst 
underwent a Cl2 treatment previously used in our lab and inspired by carbon nanotube 
purification.26,28 The as-prepared catalyst was added to combustion boat, placed into the tube 
furnace, and ramped to 900 °C under Ar at approximately 23 °C/minute. Once the desired 
temperature was reached, Cl2 was passed through the tube for 20 minutes, then the Cl2 was shut 
off, and the furnace was cooled to room temperature under Ar. After characterization, the Cl2-
treated catalyst was reduced under H2. The Cl2- treated catalyst was added to the combustion 
boat and placed into the tube furnace before ramping to 900 °C under Ar at approximately 23 
°C/minute. While continuing the Ar flow, H2 was introduced to the tube so the flow was half Ar 
and half H2 for 30 minutes. The H2-treated catalyst was characterized after it was cooled to room 
temperature under Ar. 
2.2.4 Preparation of C-supported Fe phthalocyanine 
 Vulcan XC-72R (Cabot) supported iron (II) phthalocyanine (FePc) was prepared for a 
simplified and more homogeneous catalyst studies. To prepare C-supported FePc, 25 mg of FePc 
was added to a scintillation vial containing 10 mL of concentrated H2SO4. Then, 250 mg Vulcan 
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XC-72R was added to the scintillation vial. The vial was shaken to mix the carbon and acid and 
then placed in a sonicator for 2 hours. After sonicating, the mixture was added to Milli-Q 
purified water (>18 MΩ cm) to dilute the acid and washed by vacuum filtration using additional 
Milli-Q water. The filtered product was then dried under vacuum at 90 °C overnight. 
2.2.5 Catalyst characterization 
 Mӧssbauer (MB) measurements were performed on a constant acceleration spectrometer 
(Knox College) at 300K. X-ray Photoelectron Spectroscopy (XPS) was performed using a Kratos 
AXIS Ultra spectrometer with a monochromatic Al Kα (1486.6 eV) X-ray source. All binding 
energies were referenced to graphitic carbon at 284.5 eV. Brunauer-Emmett-Teller (BET) 
surface area measurements were performed using a Nova 2200e, Quantachrome Instruments, 
surface area, and pore size analyzer. 
2.2.6 Electrochemical studies of the treated catalysts 
 The ORR activity of the prepared catalysts was studied using rotating disk electrode 
(RDE) and rotating ring disk electrode (RRDE) techniques in a three-compartment 
electrochemical cell. The acidic electrolyte, 0.1 M HClO4, was prepared using Milli-Q purified 
water (>18 MΩ cm) and HClO4 (70 wt%, Fisher). Basic electrolyte, 0.1 M NaOH, was prepared 
using Milli-Q purified water and NaOH pellets (>97%). Solutions were sparged with Ar for 10 
minutes or O2 for 20 minutes before each experiment. The glassy carbon electrode (A=0.196 
cm2) used was polished sequentially with 0.25 and 0.05 μm diamond suspension (Buehler) 
before each use. For RRDE experiments, the Pt ring was electrochemically polished by cycling 
the electrode in a dilute HNO3 solution. For RRDE experiments, the ring potential was held at 
1.23 V vs. RHE to oxidize any peroxide formed to oxygen. Catalyst inks were prepared by 
sonicating 5 mg of catalyst powder in 175 μL of EtOH and 47.5 μL of 5% Nafion 117 solution. 5 
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μL of the dispersed ink was drop-cast onto a glassy carbon electrode and allowed to dry. The 
RDE and RRDE electrodes were attached to a MSRX rotator (Pine Instruments) and rotated at 
1600 RPM for all experiments unless otherwise stated. Cyclic voltammetry was performed using 
a CH Instruments 760 D Electrochemical Workstation (Austin, TX) at room temperature with a 
‘no-leak’ Ag/AgCl (3 M KCl) reference electrode (EDAQ). In the three-compartment 
electrochemical cell, the reference electrode is separated from the working electrode by a Luggin 
capillary and the carbon rod counter electrode is separated from the working electrode by a glass 
frit. All potentials were converted to RHE by measuring the open-circuit potential of a flamed Pt 
wire working electrode in H2-saturated electrolyte immediately following catalyst testing. 
2.2.7 Electrochemical studies of the as-prepared catalyst using small molecules 
 Glassy carbon polishing, RDE and cell setup, 0.1 M NaOH solution, 0.1 M HClO4 
solution, and inks were prepared for each poisoning experiment as stated above in section 2.2.6. 
Two papers were followed in an attempt to poison a C-supported FePc catalyst and the as-
prepared catalyst with CO.30,31 The initial ORR activity of each catalyst was measured and then a 
CV under an Ar atmosphere was obtained. The potential hold was performed in a CO 
atmosphere in a second cell with solution from the same stock. An ORR CV was obtained after 
exposure to CO in the original cell that the initial activity was measured. The ORR activity was 
tested in a solution with no CO to ensure the CO was bound to the catalyst and not just 
displacing O2 present in the solution. The C-supported FePc catalyst was held at 0.52 V vs. RHE 
in 0.1 M NaOH for the potential hold method. The as-prepared catalyst was held at 0.5 V vs. 
RHE in 0.1 M NaOH for the potential hold method. 
The second paper involved cycling in a CO atmosphere.32 The C-supported FePc catalyst 
and the as-prepared catalyst were tested in the same way with only the cycling potential range 
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differing. First, each catalyst was cycled in 0.1 M NaOH until reproducible CVs were obtained. 
Then, the initial ORR activity and an Ar wave were acquired. The catalysts were then cycled for 
75 minutes in a CO atmosphere; as stated in the potential hold experiment, the CO atmosphere 
was in a second cell filled with 0.1 M NaOH from the same stock solution. The C-supported 
FePc catalyst was cycled between 0.13 V and 1.2 V vs. RHE and the as-prepared catalyst was 
cycled between 0.0 V and 1.2 V vs. RHE. After cycling, each catalyst was tested for ORR 
activity in the initial, CO free cell. All potentials were converted to RHE by measuring the open-
circuit potential of a flamed Pt wire working electrode in H2-saturated electrolyte immediately 
following catalyst testing. 
Tests on CN- poisoning were also performed on a C-supported FePc catalyst and the as-
prepared catalyst. A 10 mM KCN in 0.1 M NaOH solution was prepared for the poisoning 
solution. First, the initial ORR activity and an Ar wave of each catalyst was obtained in 0.1 M 
HClO4. Then, the catalyst was cycled in the KCN solution (using the same window used for the 
ORR) or it was dipped into the KCN solution and then subsequently tested for ORR activity in 
the original HClO4 solution. The KCN solution was kept in the hood and great care was 
exercised since HCN is toxic. The CN- poisoning test was repeated in 0.1 M NaOH in place of 
0.1 M HClO4. 
2.3 Results and discussion 
2.3.1 Electrochemical studies 
The onset potential and current density for each catalyst was compared using linear scan 
voltammograms (LSVs) as shown in Figure 2.1. Here, onset potentials are calculated as the 
potential at which the current reaches 5% of the limiting current. Before the catalyst is exposed 
to NH3 (pre-NH3) it exhibits a poor onset potential of 0.80 V vs. RHE. Currently, Pt ORR 
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catalysts have an onset potential around 1.0 V vs. RHE.13 Once activated with NH3, the as-
prepared catalyst exhibits a competitive onset of 0.90 V and increased current density of 
approximately -5 mA/cm2, indicating that the NH3 treatment produces a more active catalyst. 
NH3 pyrolysis has been shown to etch the C in the catalyst, making it more porous and therefore 
more active.33,34 
 
The deactivated, Cl2 treated catalyst shows a decreased onset potential of 0.82 V and 
lower current density compared to the as-prepared and the reactivated catalysts, indicating that 
the Cl2-treated catalyst is not as active. The onset potential of the reactivated, H2-treated catalyst 
is partially recovered, occurring at 0.84 V rather than the as-prepared onset of 0.90 V. The 
inability to fully recover activity suggests that the active site(s) in the as-prepared and the 
reactivated catalyst are different. 
2.3.2 Mӧssbauer measurements 
Mössbauer (MB) spectroscopy was utilized to corroborate the findings of the original 
Figure 2.1 LSVs performed at 1600 RPM in O2 saturated 0.1 M HClO4. 
The catalyst activity changes with different treatments. 
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paper21 and to study the Fe species in the deactivated and reactivated catalysts. Figure 1.2a 
shows that before the NH3 treatment there is one type of Fe species present in two different 
states. Both signals are from FeN4 species, but the exact nature (ie. spin state) is still debated.
24 
The MB spectrum for the as-prepared catalyst shown in Figure 2.3b also shows there are no Fe 
species present except for FeN4. Since the same type of Fe species are present in the pre-NH3 and 
the as-prepared catalyst, but the as-prepared is considerably more active than the former (Figure 
2.1), it is suggested that the Fe species is not solely responsible for the catalyst’s activity. 
Figure 2.2 Mössbauer data for catalysts including (a) pre-NH3, (b) as-prepared, (c) Cl2 





Once the catalyst is deactivated using Cl2, little Fe is seen through MB (Figure 2.2c). The 
spectrum has a low signal to noise ratio so accurate peak fitting is difficult. Upon reactivation, 
the MB spectrum shows FeN4 in addition to magnetic-Fe and superparamagnetic-Fe. The Fe 
species found in this H2-treated catalyst as well as its oxygen reduction activity is more similar to 
the catalyst previously studied in this lab.26 The change in activity and the change in Fe species 
suggests there is more than one type of active Fe. 
2.3.3 BET measurements 
BET was used to study any difference in surface area which may lead to the 
understanding of difference in activities of the treated catalysts. A higher surface area allows O2 
to access more active sites at the surface of the catalyst leading to higher activity.35 The pre-NH3 
catalyst has a BET calculated surface area of 379.6 m2/g while the as-prepared catalyst has a 
BET calculated surface area of 665.6 m2/g. In comparison, the surface area for the porous 
prepared MOF, ZIF-8, was measured to be 1144 m2/g. The increase in surface area of the as-
prepared catalyst could explain why it exhibits higher activity over the pre-NH3 catalyst despite 
having the same Fe species. 
2.3.4 XPS measurements 
XPS measurements were conducted to study the N species in the treated catalysts. The N 
peaks for the as-prepared, Cl2-treated and H2-treated catalysts are shown in Figure 2.3. Each of 
the treated catalyst contain pyridinic N. Oxydic N is introduced to the catalyst after the oxidizing 
Cl2 treatment and is retained in the H2-treated catalyst. The middle peak in the Cl2-treated and 
H2-treated catalysts have been assigned to pyrrolic N, but their binding energies fall right around 
where graphitic N would show up as well.36 More XPS data may elucidate which N species is 
present. The presence of pyridinic N in each catalyst (including the inactive Cl2-treated) suggests 
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that if pyridinic N is advantageous for the ORR, it is not the only active species necessary. The 
ratio of pyridinic:pyrrolic N changes throughout the treatments, beginning as slightly greater 
than one in the as-prepared and reversing that ratio in the Cl2-treated and the subsequent H2-
treated catalysts; the ratio of pyrrolic:pyridinic N is slightly greater than one for the final two 
treatments. The change in ratio could be related to the change in activity exhibited by each 
catalyst. 
 
2.3.5 Poisoning the catalyst using small molecules (CN- and CO) 
Attempts to poison Fe catalysts for the ORR are often performed to see if the active site 
is metal-centered.31,37 CO and CN- were used as small poisoning molecules because they should 
bind to Fe, and a change in activity would suggest the Fe is necessary for catalyst activity. Two 
reports of poisoning Fe ORR catalysts with CO were followed, each giving contradicting 
conclusions.30,31 Neither method showed a decrease in activity for the as-prepared catalyst nor a 
C-supported FePc catalyst. The representative cyclic voltammograms (CVs) in Figure 2.4 show 
As-prepared Cl2-treated H2-treated 
Figure 2.3 N 1s spectra of the as-prepared (a), Cl2-treated (b) and H2-treated (c) catalyst. Each treated 








a b c 
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there is no change in activity for the as-prepared catalyst or C-supported FePc after they are 
exposed to CO. 
To see if the as-prepared catalyst would be poisoned by CN-, it was exposed to a 10 mM 
solution of KCN in NaOH and the activity was tested using RDE before and after CN- exposure. 
It has been shown that a C-supported FePc catalyst will be poisoned when exposed to CN-.26 
Figure 2.5 shows that the activity of the as-prepared catalyst is unchanged after it was exposed to 
the CN- solution. Based on this result, the as-prepared catalyst is not poisoned by CN-. If the CN- 
binds to the Fe but the catalyst is still active, that suggests that the Fe is not necessary to the 
active site of this FeN4 catalyst. Alternatively, if there is a covering such as a C shell surrounding 
the Fe, then the poisoning molecule cannot reach the Fe and thus not affect the activity. If the 
molecule is binding to the Fe, then the unchanged activity of the catalyst supports the MB 
findings which indicate that the Fe species in the pre-NH3 catalyst and the as-prepared catalyst is 
not solely responsible for the high activity. 
 
Figure 2.4 CVs of a prepared C-supported FePc catalyst (a) and the as-prepared catalyst (b) in 0.1 M 





A highly active NPM ORR catalyst was prepared and studied to understand the role Fe 
has in activity. Electrochemical results indicate treating a catalyst with NH3 at a high temperature 
produces a more active catalyst than just treating it with Ar at a high temperature. MB spectra 
show the same Fe species is present in both the pre-NH3 catalyst and the NH3-treated catalyst, 
suggesting Fe is not solely responsible for the catalyst’s activity. BET measurements indicate an 
increase of surface area in the as-prepared catalyst over the pre-NH3 catalyst. The increase in 
surface area may be the cause of increased activity and it supports previous reports stating that 
NH3 etches powder catalysts at high temperatures. None of the studied Fe catalysts, including C-
supported FePc, are poisoned by CO. Attempts to poison the catalyst with CN- show no change 
in activity, indicating that Fe is not necessary for activity or that the CN- molecule cannot reach 
the Fe. 
Electrochemical LSVs show the as-prepared catalyst is deactivated by high temperature 
Cl2 treatments. A reducing H2 treatment brings back the activity, but not to the extent of the 
Figure 2.5 CVs of the as-prepared catalyst in 0.1 M HClO4 
before and after exposure to a 10 mM solution of KCN. 
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original, as-prepared catalyst. Furthermore, MB spectra show more metallic Fe species in the H2 
treated catalyst which is similar to a slightly less active catalyst previously studied in our group. 
The as-prepared catalyst exhibits a KIE of 1, indicating proton transfer is not involved in 
the RDS while the KIE of another, C encapsulated Fe nanoparticle catalyst exhibits a KIE of 2 
which suggests a proton is involved at the RDS. 
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CHAPTER 3: THE ROLE OF CARBON IN AN ORR CATALYST 
3.1 Introduction 
 Besides Fe, the other likely elements necessary for ORR activity present in NPM 
catalysts are C and N. Reports have suggested that pyridinic N is important for the ORR on NPM 
catalysts.38,39 However, since there is approximately 78% C in each of the treated catalysts 
presented here, further studies on C were conducted. One way to find if the C is needed for 
activity is to try to attach a molecule to the C. Techniques were also used to understand how the 
C present in the catalyst changes throughout treatments. 
3.1.1 Using click chemistry to alter C 
 Taking inspiration from click chemistry and molecules that can react with C, we chose a 
reaction to modify C in the catalyst.40,41 By altering the C surface in a way that can be 
characterized and recording any change in activity of the catalyst, then we can gain a better 
understanding of the role C plays in the catalyst. Here, the functionalization of C using 4-
nitroaniline is the first step to attaching a molecule that could be used in the determination of the 
density of active sites in a NPM ORR catalyst. 
 In the current method, 4-nitroaniline is added to C via a diazonium molecule. It has been 
proposed that an aryl amine will be converted to a diazonium salt when exposed to acid and 
nitrite. The aryl group will then covalently attach to the carbon surface, releasing N2.
40,41 The 




3.1.2 Solid state NMR and 13C 
 Solution NMR cannot be used with these NPM ORR catalysts since the high percentage 
of C will not easily dissolve in solvents. Therefore, solid state NMR (ssNMR) was considered a 
useful technique when studying the differences in C in the treated catalysts. Studies on several 
pyrolyzed C materials were found and showed a shift in peaks for different pyrolysis 
temperatures.42,43 If C is present in the active site of this catalyst, would it change throughout the 
catalyst treatments and would that change be trackable using ssNMR? Based on the previous 
ssNMR pyrolysis studies, ssNMR was used to examine C present in the treated catalysts. 
3.2 Experimental 
3.2.1 C functionalization technique 
Initially, Vulcan XC-72 was used for C functionalization before testing on the as-
prepared catalyst. The method was inspired by previous Vulcan XC-72 functionalization 
studies.44,45 To functionalize Vulcan XC-72, 1.00 g of Vulcan XC-72 was added to 50.0 mL 
Mili-Q purified water. The mixture was shaken to disperse the C in the water and then sonicated 
for 15 minutes. Then, 1.15 g 4-nitroaniline, 0.573 g NaNO2 and 10 mL concentrated HCl was 
added to the C suspension. The mixture was left to stir overnight open to air. After stirring, the 
mixture was washed through a 0.47 μm nylon filter (Magna Nylon 47 mm, 0.47 μm membrane 
disk, Life Sciences) with water, methanol, DMF and acetone until each solvent ran clear. The 
filtered C was then dried at 40 °C under vacuum. Presently 4-nitroaniline is used, but other 
anilines with different R groups or tracer molecules could be utilized. 
3.2.2 Catalyst characterization 
Solid-state 1H and 13C DPMAS (direct-polarization magic angle spinning) NMR 
spectroscopy experiments were performed on a 7.1 T Varian Unity Inova 300 (Agilent 
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Technologies, Santa Clara, CA) spectrometer, using a 4 mm Varian Chemagnetics APEX 
Double Resonance HX probe. Each solid-state experiment used magic angle spinning (MAS) 
with the rotor spinning at 10 kHz. The 90° pulse was 2 μs, the recycle delay was 1 s, the spectral 
width was 50 000 Hz, the acquisition time was 2.56 ms. 
3.3 Results and discussion 
3.3.1 13C and 1H ssNMR studies for changes throughout treatment 
Magic angle spinning solid state NMR (MAS ssNMR) was used to understand the role C 
plays throughout the activation/deactivation process. The 13C spectra in Figure 3.1 show broad 
peaks centered near 117 ppm which is the aromatic region.46 The peaks shift slightly, but each is 
encompassed in the aromatic region without giving rise to more detailed information. Despite 
using MAS and spinning at 10 kHz, the peaks are still broad and noisy. The apparent triplet in 
the as-prepared catalyst is best described as noise rather than pertinent data. A lack of major peak 
shifts could suggest that the number of carbon sites needed for activity is so few that its signal 
cannot be distinguished amongst the majority species. 
1H ssNMR was collected before each 13C spectrum to make sure everything was set up 
correctly and to validate consistency. Figure 3.2 shows the 1H spectrum for each treated catalyst. 
The intensity of each peak is an indication of the amount of protons present in the catalyst since 
each sample was of approximately the same mass. Therefore, it is apparent that with each 
pyrolysis treatment, the number of protons present in the catalyst decrease. There is a peak shift 
present in the Cl2 treated catalyst. If it was related to any Cl species present in the catalyst, the 
peak would be shifted downfield rather than upfield. The peak shift may be related to protons 
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trapped in the catalyst matrix which are subjected to high temperatures. It has been suggested 
that trapped protons subjected to high temperatures can shift upfield to negative ppms. 
 
3.3.2 Electrochemical study of C poisoning 
Figure 3.3a shows that the onset and the limiting current of the as-prepared catalyst 
changes once it has been functionalized with an aniline molecule. The change in activity 
indicates that the addition of aniline alters the structure of the active site(s) and suggests that C is 
Figure 3.2 1H MAS ssNMR spectra of treated catalysts. For each sample a 4 mm 
rotor was used and spun at 10 kHz. Spinning sidebands can be seen near + 32 ppm. 
Figure 3.1 13C ssNMR spectra.  For each sample a 4 mm rotor 
was spun at 10 kHz at room temperature. 
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involved in the activity. The Ar wave for the functionalized as-prepared catalyst (Figure 3.3b) 
shows an additional and shifted peak suggesting another molecule is present after the 
functionalization. Figure 3.3b also shows reduction occurring at 0.25 V that is not present in the 
original as-prepared catalyst. The reduction suggests there is a species present after the 
functionalization that is not available for reduction before the alteration. 
 
3.4 Conclusions 
 13C ssNMR was not able to distinguish any changes in the C species present throughout 
the catalyst treatments. 1H ssNMR could suggest protons are trapped in the C matrix which 
would lead to a negative shift in the NMR spectrum. 4-nitroaniline deactivated the as-prepared 
catalyst evident by a decrease in activity and a change in the Ar wave. 
  
Figure 3.3 CVs of the as-prepared catalyst before and after C functionalization steps in an O2 saturated 
solution of 0.1 M HClO4 (a). Ar waves of the as-prepared catalyst before and after functionalization (b). 
a b 
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CHAPTER 4: CORROSION OF AL COVETIC MATERIALS 
Reprinted (adapted) from paper titled Investigating the Corrosion Behavior and Mechanical 
Properties of Al-alloy “Covetics” submitted to Electrochimica Acta, 2018. 
4.1 Introduction 
 Metals and their alloys are used in daily functions such as building infrastructure, 
electronics, vehicles, and electrical transmission. Al and its alloys are often chosen for materials 
that must be strong yet lightweight and ductile since they are known to be resistant to chemical 
degradation. Thus, they are often investigated to understand the mechanism of chemical 
resistance. It is understood that the metal-oxide passivation layer will undergo pitting corrosion 
when in the presence of Cl- like in commonly used environments such as seawater or roadways.47 
Therefore, methods to reduce the corrosion of Al and its alloys are desired to make the metal 
even more resistant and possibly even stronger. 
4.1.1 Covetic materials 
Many attempts to manufacture composite materials by combining carbon fillers and 
metallic Al powders have recently been described.48 The resulting composite materials consist of 
a mixture of carbon structures and Al particles because the solubility of carbon in Al is extremely 
low.49 Additionally, the presence of a carbide phase, Al4C3, has been observed for manufacturing 
processes which involve high temperatures, generally above 600 °C. 
Recently, a new method for incorporating carbon into Al alloys was developed by Third 
Millennium Materials, LLC, referred to as “electrocharging assisted bulk processing”.50,51 This 
process, which involves adding carbon to the molten metal and applying a high electrical current 
while stirring the mixture, was used to incorporate carbon into metals and alloys for which the 
predicted solubility of carbon is low, such as Ag, Cu, and Al.50-52 It is hypothesized that the high 
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currents used in this process result in the ionization of carbon atoms within the melt. This 
ionization could enable the formation of covalent bonds between the carbon and the metal, for 
which these “covetic” materials have been named. Multiple density functional theory (DFT) 
calculations have suggested the possibility of forming direct bonds between C and metal atoms, 
particularly for C atoms at defect sites and at the edge of graphene-like sheets.50,53,54  
The covetics obtained through the electrocharging process represent a new class of 
metallic/carbon nanostructured materials, in contrast to previously studied composite 
materials.55,56 It has been shown that the covetic mechanical properties, such as hardness and 
tensile strength, are improved from the pure alloy upon carbon addition.52,57,58 Covetics also 
exhibit higher thermal stability and a higher melting temperature compared to the pure 
alloy.50,52,57  
It has also been suggested that covetics could have the desirable properties of improved 
corrosion resistance and resistance to oxidation.59,60 Previous studies demonstrated that graphene 
can act as a barrier to prevent the oxidation of a Cu surface and a similar resistance to oxidation 
was observed for a Cu covetic.61-63 As previously proposed, it is likely that the changes induced 
during the process used to make the covetics could affect their corrosion properties, particularly 
if the surface exhibits increased carbon content and/or there is a covalent interaction between the 
Al and any putative C.61,64 
4.2 Experimental 
4.2.1 Sample preparation 
Al 3003 samples were obtained from McMaster Carr (product number 8973K87). Al 
6061-T6 (the parent material for the covetic) and the covetic Al 6061 samples were received 
from Third Millennium Materials (TMM) LLC, Waverly, OH. Covetic Al 6061 samples were 
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prepared as described in previous work.53,65,66 One material was prepared using the covetic 
process but without the addition of any carbon (“0% covetic”, “AC 0% C”) and one was 
prepared by adding 2.3 wt % carbon (“2.3% covetic”, “AC 2.3% C”) during manufacturing. We 
note that these carbon amounts are those reported by manufacturers and they may not be the 
actual carbon contents incorporated in the covetic materials. All samples were cut into disks with 
diameter = 1 cm. Before characterization and corrosion testing one surface of each sample was 
sanded using 220 grit aluminum oxide sandpaper to remove surface contamination and passive 
oxide layers followed by progressive polishing using 1.0 um to 0.25 um alumina polish. After 
polishing, samples were sonicated in Milli-Q (Millipore) water and thoroughly rinsed.  Samples 
characterized after corrosion tests were first thoroughly rinsed with Milli-Q water. 
4.2.2 Corrosion testing 
Corrosion tests were carried out at room temperature using a single compartment cell 
exposed to air with Al samples attached to a steel rod by conductive double-sided Cu tape and 
suspended using a hanging meniscus configuration. Electrolyte solutions were prepared using 
NaCl (ACS reagent ≥99%, Sigma-Aldrich), H2O2 (ACS reagent, 30% solution, Macron), HCl 
(ACS reagent, Macron), and 18.2 MΩ∙cm Milli-Q water (Millipore). All chemicals were used as 
received. For experiments following ASTM G69 (“oxygenated saltwater test”), 0.9 mL of 30% 
H2O2 (ACS reagent, Macron) was added to 100 mL of 1 M NaCl prior to beginning the corrosion 
test.67,68 For all experiments fresh electrolyte was used, taken from the same stock solution to 
ensure consistency in the results. The Al samples were used as the working electrode with a 
Saturated Calomel Electrode (SCE, Koslow Scientific) used as the reference electrode and a 
graphite rod used as the counter electrode. Typically, the open circuit potential (OCP) was 
monitored and allowed to stabilize over a period of 30-60 minutes before data was collected.67 
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Then OCP was recorded for 1 hour before beginning linear polarization (LP) testing. LP was 
performed using a potential range of ±250 mV of the OCP with a scan rate of 60 mV/min.69 
Tafel fitting was performed using EC-Lab software.70 OCP measurements were taken using a 
CHI 760C (CH Instruments) and LP measurements were taken using a SP-150 (Biologic Science 
Instruments). 
4.3 Results and discussion 
4.3.1 Corrosion testing 
In order to evaluate the corrosion behavior of the Al alloy and Al covetic samples we 
used linear polarization (LP) using the conditions for the “oxygenated saltwater test” and in 
acidic conditions using 0.1 M HCl. Figure 4.1 shows the linear polarization curves obtained for 
the Al covetic (AC) samples and two reference samples: Al alloy (AA) 6061-T6 and AA 3003.  
The corrosion potential (Ecorr) for each sample was determined from the polarization curves 
using Tafel fitting.69,70 The Ecorr values for each sample are given in Table 4.1. From these 
results, we observe that the 2.3% covetic exhibits a Ecorr approximately 30-40 mV higher than the 
0% covetic.  The Ecorr of the 2.3% covetic is also higher than the corresponding values measured 
for the Al 6061-T6 and Al 3003 samples. 
Figure 4.1 Linear polarization curves obtained for covetic materials and reference samples in 
the “oxygenated saltwater test” (1M NaCl + H2O2) (a) and 0.1M HCl (b). 
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Table 4.1. Corrosion potentials obtained for covetic materials and reference samples in 1M NaCl and 0.1M HCl as 
determined for the linear polarization curves. 
 
To confirm the results of the LP tests, the open circuit potential (OCP) was recorded for a 
period of 60 minutes for each of the samples as shown in Figure 4.2. Table 4.2 provides the 
corresponding values of Ecorr as determined by averaging the OCV over a period of 30 minutes, 
following a previously established method.67,68 The values of Ecorr as determined from both the 
linear polarization curves and open circuit potentials agree closely. 
 
Table 4.2. Corrosion potentials obtained from averaging OCV values over the final 30 minutes of measurement. 
 
Aluminum Alloy Sample Ecorr 1M NaCl + H2O2 
(V vs SCE) 
Ecorr 0.1M HCl 
(V vs SCE) 
Al 3003 -0.74 -0.67 
Al 6061-T6 -0.74 -0.68 
Al Covetic 0% C -0.73 -0.70 
Al Covetic 2.3% C -0.69 -0.63 
Aluminum Alloy Sample EOCP NaCl (V vs SCE) EOCP HCl (V vs SCE) 
Al 3003 -0.74 -0.67 
Al 6061 T6 -0.75 -0.68 
Al Covetic 0% C -0.75 -0.69 
Al Covetic 2.3% C -0.70 -0.64 
Figure 4.2 Open circuit voltage (OCV) recorded for 60 minutes in 1M NaCl (a) and 0.1M HCl (b). 
28 
In order to compare the effects of the covetic process and addition of carbon on the 
corrosion properties of the samples, additional corrosion parameters were calculated by fitting 
the polarization curves. The corrosion current density (icorr), anodic and cathodic Tafel slopes (βa 
and βc), and polarization resistance (Rp) for each sample are given in Table 4.3.
69,70 These results 
indicate that the corrosion current density measured at Ecorr in both 0.1 M HCl and 1 M NaCl + 
H2O2 is higher for the 2.3% covetic than for the other samples. The lower Rp value for the 2.3% 
covetic indicates that the 2.3% covetic is more easily corroded near its corrosion potential as 
compared to the rest of the samples. Interestingly, in acidic conditions the anodic branch of the 
polarization curve for the 2.3% covetic is shifted slightly to lower current density than the other 
samples as a result of the increase in Ecorr. This shift indicates that at potentials above Ecorr the 
corrosion rate is reduced for the 2.3% covetic as compared to other samples. In acidic conditions 
the slopes of the cathodic and anodic branches of the polarization curve are higher for the 2.3% 
covetic than for the other samples, which suggests that there is a change in the kinetics of both 
the cathodic and anodic reactions resulting from the process of adding carbon. In 1 M NaCl 
+H2O2 the slope of the cathodic branch increased slightly for the 2.3% covetic while the slope of 
the anodic branch decreased, suggesting that in these conditions the rate of the cathodic reaction 
was retarded while the anodic reaction (corrosion) was accelerated. 










0.1M HCl Al 3003 75 21.9 76.7 66 
 Al 6061-T6 42 24.5 81.7 148 
 Al Covetic 0% C 42 24.8 76.4 136 
 Al Covetic 2.3% C 273 49.3 192.8 70 
1M NaCl + H2O2 Al 3003 90 61.7 582.8 316 
 Al 6061-T6 38 34.4 405.6 337 
 Al Covetic 0% C 181 76.3 412.2 186 
 Al Covetic 2.3% C 232 32.9 493.2 53 
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4.4 Conclusions 
The corrosion potential is shifted to a more positive potential for the 2.3% covetic with 
carbon added via the electrocharging assisted process. Despite this shift, the corrosion current 
density at Ecorr is increased in the 2.3% covetic as compared to the 0% covetic and reference Al 
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